Protein-Glass Surface Interactions and Ion Desalting in Electrospray Ionization with Submicron Emitters
Zije Xia, Evan R. Williams Abstract. Theta glass electrospray emitters can rapidly mix solutions to investigate fast reactions that occur as quickly as 1 μs, but emitters with submicron tips have the unusual properties of desalting protein ions and affecting the observed abundances of some proteins as a result of protein-surface interactions. The role of protein physical properties on ion signal was investigated using 1.7 ± 0.1 μm and 269 ± 7 nm emitters and 100 mM aqueous ammonium acetate or ammonium bicarbonate solutions. Protein ion desalting occurs for both positive and negative ions. The signal of a mixture of proteins with the 269 nm tips is time-dependent and the order in which ions of each protein is observed is related to the expected strengths of the proteinsurface interactions. These results indicate that it is not just the high surface-tovolume ratio that plays a role in protein adsorption and reduction or absence of initial ion signal, but the smallIntroduction N anoelectrospray ionization (nanoESI) enables low sample flow rates resulting in little sample consumption and is widely used in applications where low sample consumption is essential [1, 2] . The electric field strength at the tip of small emitters is high, and droplets can be efficiently produced from solutions with high surface tension, such as water, even without other methods to facilitate droplet formation, such as sheath gas flow or addition of low surface tension solvents [3, 4] . The ability to form droplets directly from aqueous solutions containing high concentrations of buffer makes nanoESI especially important in native mass spectrometry [5, 6] . NanoESI can be implemented in a number of different ways, including borosilicate or fused silica emitters with or without metal coatings and microfabricated devices. Microfabricated devices can incorporate buffer exchange and nanoLC for proteomics applications [7, 8] . Theta glass borosilicate nanoESI emitters have two separate barrels and can be used to rapidly mix two solutions during the electrospray ionization process [9] [10] [11] [12] [13] [14] . The reaction time can be controlled by changing droplet size, which depends on flow rate [10, 12, 13] or by changing the distance of the emitter tip to the ESI interface [14] . Flow rates can be controlled by varying the backing pressure on the emitter and/or by changing the emitter tip size. Reaction times of 100s of ms have been achieved with emitter tip sizes~4 μm [14] and reaction times as low as 1 μs has been achieved with~300 nm tips [12, 14] . These small tips have made possible the fastest mixing times of two different solutions to date.
In addition to enabling fast mixing, the submicron tips have some unusual properties with nanoESI, one of which appears to be highly advantageous. Fewer salt adducts are formed with smaller tips, and this effect has been reported from both water/ methanol/acetic acid solutions in which proteins are denatured [15, 16] as well as from buffered aqueous solutions in which proteins have native conformations and activities and nonvolatile salts are present at high (≥150 mM) concentration [17, 18] . The phenomenon of ion desalting in small tips was investigated using traditional single barrel borosilicate emitters from buffered aqueous solutions containing high levels of nonvolatile salts and buffers. Charge-state distributions of proteins and protein complexes could be readily observed in nanoESI spectra of solutions containing 150 mM KCl and 25 mM Tris-HCl buffer at pH 7 using 0.5 μm tips but not with 1.7 μm tips [17] . Similar results were obtained with aqueous solutions with six commonly used nonvolatile buffers containing ≥150 mM of Na + [18] . These results suggest a mechanism for salt adduct reduction in which initial ESI droplets are sufficiently small that they contain on average fewer than one protein molecule per droplet. The majority of droplets contain salt but no protein, and the droplets that do contain a protein molecule have a much lower salt-to-protein ratio than that in the initial solution. The lowering of the salt-to-protein ratio in smaller droplets may result in less extensive adduction of nonvolatile salts to protein ions. Nonvolatile salts are often removed from solution prior to ESI owing to their adverse effects on mass spectrometry performance, but submicron tips can be used to form protein and protein complex ions directly from solutions containing high concentrations of nonvolatile salts and buffers that are used to mimic either the intracellular or the extracellular environment [17, 18] .
The relative abundances of protein ions can depend on tip size. For example, a mixture of myoglobin and cytochrome c in 100 mM aqueous ammonium bicarbonate resulted in the formation of ions of both proteins with 1.5 μm theta emitter tips but the formation of only myoglobin ions with 310 nm emitter tips [19] . It was proposed that the absence of cytochrome c signal in the smaller tips was from absorption due to the high surface-to-volume ratio, which enhances interactions between the positively charged proteins in solution and the negatively charged glass surface near neutral pH [19] .
Here, we investigate the unusual phenomenon of selective protein ion signal observed when using submicron theta glass emitter tips and show that the ion desalting is also effective for negative ions. Emitters with smaller tips have lower volume-tosurface ratios at or near the emitter tip. Owing to the central divider, theta-glass emitters have even greater surface areas than single barrel emitters of the same size. The use of theta glass emitters in this study has the advantage of previously measured droplet lifetimes, and this information can be useful for distinguishing effects induced by the interfacial region between droplet formation and the mass spectrometer [12] . In this study, we compare two theta emitter sizes, 269 nm and 1.7 μm in diameter (Supplementary Figure S-1a, b) to explore the protein-glass surface interactions of proteins that have different conformations and physical properties. We also show that the effects of these surface-interactions and the resulting protein ion signal is time-dependent. These effects should be taken into consideration or eliminated by surface modifications in future studies that use submicron emitters for fast mixing or for ion desalting of biological samples.
Experimental
Nanoelectrospray ionization emitters are made from borosilicate theta capillaries (1.2 mm o.d./0.9 mm i.d., 0.15 mm septum thickness, Sutter Instruments, Novato, CA, USA) by pulling the tips to o.d. of 269 ± 7 nm or 1.7 ± 0.1 μm in the long dimension (the short dimension is 82% and 78% of the long dimension, respectively) with a Flaming/Brown micropipette puller (model P-87, Sutter Instruments, Novato, CA, USA). Tip diameters are measured with a scanning electron microscope (Hitachi TM-1000 SEM, Schaumburg, IL, USA). Both channels are filled with the same aqueous ammonium acetate (AA) or ammonium bicarbonate (ABC) solution containing proteins. Two 0.127 mm diameter platinum wires are inserted into the two barrels of a theta emitter and are in contact with the sample solution. Ion formation is initiated by placing the emitter tips 1 to 2 mm distant from the instrument orifice and applying the lowest possible (±0.6-1 kV) voltage to the platinum wires in order to produce stable ion formation. A nitrogen gas backing pressure of 10 psi is applied to the end of the theta emitters. Mass spectra are acquired with an LTQ mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a capillary temperature of 265°C.
Reduced/alkylated RNase A solution is prepared by dissolving lyophilized RNase A powder in a 100 mM ABC (pH 8.7) solution containing 6 M guanidine hydrochloride, 15 mM dithiothreitol, and 100 mM iodoacetamide. The sample is reacted in the dark for approximately 2 h and buffer exchanged once into 100 mM ABC using a biospin column (Bio-Rad, Hercules, CA, USA). The final concentration of the stock solution of reduced/alkylated RNase A is 200 μM. Reduced/alkylated lysozyme is prepared by first reducing the lysozyme in 6 M guanidine hydrochloride, 15 mM dithiothreitol, and 100 mM ABC solution (pH 8.8) for 1/2 h at 37°C, then reacted in the dark with 150 mM iodoacetic acid at room temperature for about 2 h. The 200 μM stock solution of reduced/alkylated lysozyme is buffer exchanged once into 100 mM ABC using a biospin column (Bio-Rad, Hercules, CA, USA). The change in the isoelectric point for the reduced proteins compared with the intact protein is computed using ExPASy (SIB Swiss Institute of BioInformatics) [20] by replacing cysteine residues with acidic or basic residues in the protein sequence and computing the shift in isoelectric point for the two forms of the protein.
Lyophilized protein powders of equine cytochrome c, bovine pancreatic ribonuclease A (RNase A), egg white lysozyme, bovine ubiquitin, ammonium acetate, ammonium bicarbonate, guanidine hydrochloride, dithiothreitol, iodoacetamide, and iodoacetic acid are from Sigma (St. Louis, MO, USA). Protein solutions were prepared at different concentrations either in 100 mM ABC or 100 mM AA.
Results and Discussion

Protein Conformation and Signal with Small Tips
Many factors affect protein signal in ESI, including solvents, sequence, conformation, instrument parameters, etc. [21] [22] [23] [24] .
Recent results indicate that interactions between positively charged proteins and the negatively charged emitter surface at small tip size can also be a contributing factor [19] . The role of emitter tip size was investigated with theta glass capillaries with tip sizes of 1.7 ± 0.1 μm and 269 ± 7 nm. The effects of protein conformation on the nanoESI signal with these two different size theta emitters were investigated by reducing internal disulfide bonds of bovine pancreatic ribonuclease A (RNase A) and capping the S-H groups by alkylation to prevent reformation of these bonds. RNase A is a 13.7 kDa protein with a high isoelectric point (pI 9.6) [25, 26] and it has a net positive charge in ammonium acetate and ammonium bicarbonate solutions. Results from circular dichroism [27, 28] , hydrogendeuterium exchange [29, 30] , and X-ray scattering [31] show that reduced RNase A is significantly unfolded whereas intact RNase A has a compact, folded structure. Ubiquitin (pI 6.8) [32] has a net negative charge in ABC and has no net charge in AA. It is used as an internal standard because it should not interact significantly with the negatively charged surfaces of the borosilicate emitters. Mass spectra of the mixture of 10 μM RNase A and 1 μM ubiquitin from 100 mM ABC using 1.7 μm and 269 nm theta emitters are shown in Figure 1a and d, respectively. The relative abundances of these two proteins differ slightly with the two different tips. The charge-state distributions of both proteins are shifted to slightly lower charge with the 269 nm emitters. Higher charging with small tips has been reported previously, and this has been attributed to electrothermal supercharging or higher electric field with small tips [16, 19, 33] . Here, this effect may be due to the different droplet sizes and thus lifetimes of these droplets. The 269 nm theta emitters form smaller droplets that have lifetimes of around 1 μs whereas droplets from the 1.7 μm emitters are larger and have lifetimes of about 26 μs [12] . The emitter tips are approximately 1 to 2 mm away from the instrument orifice. In order for the small droplets formed from 269 nm theta emitters to enter the instrument orifice, they must have a velocity that is at least 1000 m/s. Thus, ions formed from these small droplets are likely desolvated or nearly desolvated before entering the heated capillary of the instrument. In contrast, the larger droplets formed from the 1.7 μm emitters have sufficient lifetimes that they likely enter the heated ion transfer tube. Heating of the droplet inside the heated transfer tube can destabilize the folded form of proteins, which leads to higher protein charge states in the mass spectra using the 1.7 μm theta emitters. There is no effect of tip size on protein charge state in AA, which is consistent with electrothermal supercharging results that suggest that thermal protein unfolding occurs less readily in AA [34, 35] .
Mass spectra of a mixture of 10 μM reduced carbamidomethylated RNase A (Bamide form^) and 5 μM ubiquitin in 100 mM ABC are shown in Figure 1b and e for the two different tip sizes. The charge-state distribution of reduced RNase A is bimodal with the higher charge states (10+ to 18+) most abundant, indicating that reduced RNase A is predominantly unfolded in solution. Both ubiquitin and reduced RNase A ions are formed with the 1.7 μm theta emitters. In contrast, the abundance of reduced RNase A ions is dramatically lower with the 269 nm theta emitters. The abundance of reduced RNase A ions relative to the total protein ion abundance (reduced RNaseA and ubiquitin) is 82% ± 1% and 5.1% ± 0.3% with the 1.7 μm and 269 nm theta emitters, respectively. The significantly lower abundance of reduced RNase A compared with folded RNase A with the 269 nm theta emitters indicates that the unfolded conformation of the protein is likely the origin of the very low signals with the 269 nm emitters.
Effects of conformation on protein ion signal and tip size were further investigated by measuring ESI mass spectra of 10 μM egg white lysozyme, 5 μM reduced carboxymethylated lysozyme (Bacid form^), and 2.5 μM ubiquitin mixture in 100 mM ABC (Figure 1c and f) . Lysozyme is a 14.7 kDa basic protein (pI 11.4) with four disulfide bonds and has a net positive charge in these solutions [36, 37] . The conformation of reduced lysozyme is similar to that of lysozyme denatured in 4 M guanidine hydrochloride [38] . Charge-state distributions for all three proteins are produced with the 1.7 μm theta emitters. In contrast, there is no signal for reduced lysozyme with the 269 nm theta tips. The absence of signal for reduced lysozyme but not intact lysozyme in the 269 nm tips is consistent with the results for reduced/intact RNase A, providing additional evidence that the ion signal for largely denatured proteins with isoelectric points higher than 7 that have net positive charges in these solutions is significantly reduced with submicron emitters.
To determine the effect of protein charge, mass spectra of reduced α-lactalbumin (four disulfide bonds) with carboxymethylated S-H groups (Bacid form^) were obtained with both 1.7 μm and 269 nm tips from ABC. The ion signal for carboxymethylated α-lactalbumin is comparable to but slightly lower with the 269 nm tips (Supplementary Figure S- 2). The pI of carboxymethylated α-lactalbumin is lower than 4.2, so this unfolded protein has a net negative charge in these solutions [39] . The observation that significantly lower signal is observed for unfolded proteins with a net positive charge in solution but only slightly lower signal is observed for unfolded proteins with a net negative charge in solution is consistent with positively charged proteins interacting strongly with the negatively charged surface of the smaller emitters where the surface-to-volume ratio is greatest. Unfolded proteins have potentially more sites of interaction with surfaces and may be expected to interact more strongly when the number of positive charges exceeds the number of negative charges on the protein.
Another feature of the 269 nm theta emitters is that the protein ions have fewer salt adducts (Figure 1d -f) compared with those formed by the 1.7 μm theta emitters (Figure 1a-c) . This effect of small tips on desalting protein ions has been reported with both buffered aqueous solutions with ≥150 mM Na + or K + [17, 18] and water/methanol/acetic acid solutions [15, 16] . These results are consistent with the hypothesis that the smaller initial droplets formed with the 269 nm emitters have fewer than one protein per droplet so that the initial droplets have a much lower salt-to-protein ratio compared with that in the original solution or to the larger droplets formed from 1.7 μm tips, which have on average more than one protein molecule. The lower salt-to-protein ratio in the initial droplet leads to fewer salt adducts on the desolvated protein ions [17] .
Time Evolution of Protein Signals
To further investigate the origin of the extraordinarily low signal for unfolded proteins in the 269 nm emitter tips, experiments focusing on time as a variable were conducted. NanoESI mass spectra of a mixture of 2.5 μM ubiquitin, 10 μM lysozyme, 5 μM reduced lysozyme, and 5 μM cytochrome c in 100 mM ABC and 100 mM AA were continuously acquired for 30 min with both 1.7 μm and 269 nm emitters. A time sequence of mass spectra obtained from 100 mM ABC, each signal averaged for 6 min over the course of 30 min, is shown in Figure 2 . With the 1.7 μm theta emitters, all four proteins are present in the first 6-min signal averaged mass spectrum (Figure 2a) . The charge-state distributions are similar to reported values for ubiquitin (5+ to 7+), lysozyme (6+ to 8+), reduced lysozyme (bimodal distribution 8+ to 17+), and cytochrome c (7+ to 8+) from ABC [34, 40, 41] . With the 269 nm theta emitters, charge-state distributions of only ubiquitin and lysozyme are observed for the first 12 min (Figure 2b , c), consistent with the results shown in Figure 1f . The peaks for both proteins are narrower attributable to fewer salt adducts. After 12 min, ions of reduced lysozyme appear (Figure 2d, e) , and cytochrome c ions appear after 24 min (Figure 2f ). The mass spectrum acquired after 24 min with a 269 nm theta emitter (Figure 2f ) is comparable to the mass spectrum initially obtained with the 1.7 μm theta emitters, albeit with fewer salt adducts to the protein ions (Figure 2a) . The same results are obtained for these proteins when 100 mM AA is used instead indicating that this effect is not unique to ABC (Supplementary Figure S-3) . The protein signal of reduced lysozyme and cytochrome c takes many minutes to appear in mass spectra obtained with the 269 nm theta emitters, but there is signal for all four proteins with the 1.7 μm emitters at the start (Supplementary Figure S-3 ). Mortensen and Williams found that cytochrome c signal was not obtained from 100 mM ABC but was from 100 mM AA with a~300 nm theta emitter [19] . Time was not a parameter considered in the previous studies, which may account for this earlier observation.
Acidification of solutions can occur when nanoESI occurs for a long time [42, 43] . In these experiments, voltage is applied to the two platinum wires that are in contact with the protein solution. The platinum wire is 3-5 mm away from the emitter tip where droplet formation occurs. Thus, it takes time for excess protons to diffuse to the end of the emitter tip. The effect of acidification on protein signal and charge state was investigated by spraying the same mixture of the four proteins in the ABC solution from 1.7 μm theta emitters for 30 min. No significant change of charge-state distributions occurs after 30 min (Supplementary Figure S-4) . Similarly, the protein charge states that are formed with the 269 nm tips at the end of 30 min (Figure 2f ) are similar to those formed with the larger tips at the start and in the end (Figure 2a and Supplementary  Figure S-4) . These results indicate that acidification does not play an important role in the time evolution of protein signal observed with the 269 nm tips. The time evolution of the protein ion signal in 1-min intervals for lysozyme, reduced lysozyme, cytochrome c, and ubiquitin is shown in Figure 3 . Both the signal of each protein relative to that of ubiquitin and the fraction of signal of each protein relative to the total ion abundance are shown in Figure 3a and b, respectively. The relative ion abundance of each protein relative to the absolute ion abundance of ubiquitin shown on the y-axis is defined as
where I i is the total abundance of a protein ion of interest and I j is the total abundance of ubiquitin ions. These data show that there is significant variability of signal with these small tips but there are clear trends in the ion abundances with time. Data for two additional emitters and three emitters for AA show the same trends of ion abundance with time (Supplementary Figure S-5a, b) . Initially, only ubiquitin ions are formed in both ABC and AA solutions. Lysozyme ions appear 1 to 5 min after nanoESI is initiated and ubiquitin ions are observed (Supplementary Figure S-4) . The time required for reduced lysozyme signal to appear depends on the individual theta emitter, and ranges from several minutes to 15 min. The signal for both forms of lysozyme increases with time. Cytochrome c signal appears after 25 min to 30 min with either AA or ABC solutions. The order of appearance of the four protein ions is consistently ubiquitin, lysozyme, reduced lysozyme, and cytochrome c for both ABC and AA buffer using the 269 nm theta emitters. These results show that reduced lysozyme and cytochrome c ions can be formed from the 269 nm theta emitters with both ABC and AA solutions, but it takes significantly longer for these ions to appear than when these ions are formed with the 1.7 μm theta emitters. The significant delay of ion formation for reduced lysozyme and cytochrome c indicates that these two proteins do not enter the droplets when nanoESI is initiated with a 269 nm theta emitter. We hypothesize that these proteins present in the solution near the emitter tip interact with the inner surface of the glass emitter, thereby making them unavailable to enter the initial droplets that are formed when nanoESI is initiated. The hydroxyl groups at the glass surface are deprotonated when the solution pH is greater than 3 [44, 45] . The pH of the ammonium bicarbonate and ammonium acetate solutions are 7.8 and 6.8, respectively. Thus, the inner surface of the emitter is deprotonated and has a net negative charge with these solutions. Ubiquitin has an isoelectric point of 6.8, so it has no net charge in the AA solution and has a net negative charge in ABC solution. Cytochrome c has a slightly lower isoelectric point (pI 10.04) [46] than lysozyme (pI 11.4) but does not have disulfide bonds. Both proteins are positively charged in AA or ABC solution. Calculations indicate that the additional acidic groups on the eight cysteine residues of lysozyme lower the isoelectric point from 11.4 to 8.6. Thus, reduced carboxymethylated lysozyme has lower pI than cytochrome c, but a net positive charge in the aqueous buffer solutions. The favorable electrostatic interactions between positively charged proteins and the negatively charged emitter inner surface can lead to a decrease in concentration of free 
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Relative Abundance Figure 2 . NanoESI mass spectra of ubiquitin (black), lysozyme (red), reduced lysozyme (blue) and cytochrome c (green) in 100 mM ABC solution obtained 1.7 μm theta emitters (a) and 269 nm theta emitters (b-f). Each mass spectrum is signal averaged for six minutes. * indicates polydimethylsiloxane clusters that are present as an impurity protein in solution and a loss of signal for these proteins in the initial electrospray droplets.
It is interesting to compare lysozyme and cytochrome c because both proteins are positively charged in solution, are similar in size, and have similar radii of gyration (Rg) (13.1 Å for folded cytochrome c [47] and 13.3 Å for folded lysozyme [48, 49] ). However, lysozyme ions appear a short time after nanoESI is initiated, but cytochrome c appears after~25 min with the 269 nm emitter tips. There are more basic residues on one side of cytochrome c and more acidic residues on the other side resulting in a high dipole moment for this protein [50] . In contrast, lysozyme has more uniformly dispersed basic and acidic residues resulting in a lower dipole moment (Figure 4 ) [50] . The lower dipole moment and lower density of basic residues on one side of lysozyme may lead to a weaker interaction with the negatively charged borosilicate glass surface than cytochrome c.
The order of appearance of the protein ion signal with the 269 nm emitter tips is different from that in cation exchange chromatography, where lysozyme binds more strongly to a stationary phase consisting of agarose or cellulose beads coated with anionic polymers [51] . In contrast, Moerz et al. showed that at the pH of the ABC and AA buffers, more than twice as much cytochrome c absorbs onto SBA-15 silica particles than lysozyme [52] . The latter result is consistent with our observations for a nearly identical material although differences in surface roughness may also affect these results.
The binding affinities between the emitter surface and the different proteins depend not only on protein net charge and size, but it also depends on the accessibility of the charged amino acid residues. The conformation of reduced lysozyme is considerably more flexible than that of intact lysozyme, which has limited structural flexibility owing to the four internal disulfide bonds. More conformational flexibility should lead to a greater number of possible interactions between protonated basic residues and the negatively charged surface and, hence, a greater electrostatic interaction for reduced lysozyme and the glass surface (Figure 4) . Reduced lysozyme appears sooner in mass spectra than cytochrome c possibly because reduced lysozyme has lower pI than cytochrome c. This may also be due to higher repulsive interactions between the negatively charged amino acid groups in reduced lysozyme, which must also be stronger owing to their closer proximity to the glass surface ( Figure 4) . Thus, the order in which these proteins are observed in time appears to be related to their relative binding strengths of these proteins to the anionic surface of the emitters.
In order to estimate the surface coverage corresponding to adsorption of all protein onto the emitter surface, the surface area and volume of solution in each channel up to 1.0 mm from the tip was estimated. For a 600 nm tip, the open area of each channel is about 150 nm in the long dimension (Supplementary Figure S-1c) . Thus, the open area of the 269 nm theta emitter cross-section was estimated as a split circle with 135 nm diameter. The surface area was estimated by using a volume element of a half cylinder with a radius of 68 nm and length of 1.0 mm. With 20 μM total concentration of proteins with a net positive charge, only about 0.3% of the surface of the capillary would be covered with protein if every protein in solution in this volume adhered to the surface (modeled with cytochrome c with a diameter of 3.4 nm). Thus, there is more than sufficient capillary surface area in these 269 nm emitters to completely remove protein from the initial solutions at the capillary tips. Even with the 1.7 μm theta emitters, less than 2% of the surface would be covered if all of the protein in solution adhered to the capillary surface. The low surface coverage for both the 269 nm and the 1.7 μm theta emitters indicates that diffusion plays an important role. The diffusion distance is six times longer in the 1.7 μm theta emitters than it is in the 269 nm emitters. Moreover, the solution flow rate in the 1.7 μm theta emitters (~1000 pL/s) is one order of magnitude higher than the 269 nm theta emitters (~100 pL/s) [12] . As a result, a much smaller fraction of protein molecules can interact with the capillary surface inside the 1.7 μm theta emitters owing to both the longer diffusion length and significantly faster flow rate. (Figure 5e and f). The slightly lower charge states formed from ABC may reflect differences in protein conformation or stabilities in these different buffers. Cytochrome c signal is delayed with the 269 nm theta emitters for both buffers when either positive or negative ions are formed, consistent with our proposed mechanism that proteins that are positively charged in solution can interact with the negatively charged glass surface prior to the droplet formations.
Cytochrome c ions appear at a shorter time in this solution (10 μM) than the one that contains 5 μM reduced lysozyme and 5 μM cytochrome c, and appear at a time comparable to where reduced lysozyme is first observed in the latter solution. These results are consistent with cytochrome c displacing reduced lysozyme on the surface when both these proteins are present at lower concentration.
Conclusions
The effects of protein structure and charge on ion signal were investigated using 1.7 μm and 269 nm theta glass emitters. Significantly lower salt adduction to both positive and negative ions occurs with the submicron emitters. This effect is attributed to a lower salt-to-protein ratio in nanoESI droplets that are sufficiently small that most droplets contain salt but no protein, which lowers the salt-to-protein ratio in small nanodrops that do contain a protein molecule. The signal for a mixture of proteins does not depend on time over the course of 30 min with the 1.7 μm emitters but a significant time dependence is observed with the 269 nm tips. The signal for unfolded forms of a protein that has a net positive charge in solution is initially reduced signficantly or is absent compared with the folded forms of the same protein with the 269 nm tips, but signals for these proteins appear after times as long as 25 min. The same effect is not observed for an unfolded form of a protein that is negatively charged in solution, indicating that the charge of the protein in solution plays a key role. These results are all consistent with positively charged proteins in solution interacting with and adhering to the negatively charged glass surface of the emitters, thereby reducing the concentration of these proteins in the initial electrospray droplets. A key finding of this work is that it is not just the high surface to volume ratio of the small emitters that is important because both the small and large emitters have sufficient surface areas to absorb all the protein in the first 1.0 mm distance from the tip. However, the diffusion length of the smaller emitters is significantly shorter cytochrome c lysozyme ubiquitin Figure 4 . A schematic illustration of protein conformation and the distribution of charges of reduced lysozyme, lysozyme, cytochrome c, and ubiquitin. Ubiquitin has a net negative charge in 100 mM ABC and is neutral in 100 mM AA, thus it should have minimal interactions with the surface. Cytochrome c has net positive charge, and has more positive charges on one side of the molecule. Lysozyme also has a net positive charge but the positive charges are more uniformly distributed over the molecule. Reduced lysozyme has a net positive charge and has a flexible conformation that allows more interactions with the glass surface and the flow rate is significantly slower. These factors enable the protein in the small emitters to interact with and adhere to the emitter surface more efficiently. The use of small emitters appears to be highly advantageous for desalting protein ions and for mixing two solutions at a fast rate that is not achievable with conventional mixing apparatus. However, analyte-surface interactions can occur with these small emitters and these effects should be considered in experiments using such small tips. These interactions could potentially be significantly reduced or even eliminated by derivatizing the emitter surface to produce little or no net surface charge. The charge of the glass surface depends on pH and is deprotonated above pH 3. Thus, the surface effects observed with the submicron emitters are significant when using buffered aqueous solutions near neutral pH that are commonly used in native mass spectrometry. These effects should be considerably less significant for solutions consisting of water/methanol/acetic acid solutions when the pH is below 3 and the hydroxyl groups at the glass surface are predominately protonated with no net charge. These effects should also be slightly less significant for single channel emitters compared with theta glass emitters that have the same overall diameter owing to the lower surface area and longer diffusion distance. 
